1
Single MB signals ͑Definity®, Lantheus Medical Imaging, N Belarica, MA͒ have been measured experimentally using a commercial ultrasound imaging system, with a fully characterized transmitter and receiver.
2 A flow tank with hydrodynamic focusing was used to direct a submillimeterwide stream of individual microbubbles along the axis of the ultrasonic beam.
3,4 Figure 1 shows examples of the two types of response measured experimentally in response to a 1. 6 MHz 550 kPa peak negative pressure ͑PNP͒ six cycle pulse.
A typical low amplitude signal, Fig. 1͑a͒ , is strongly harmonic ͑ratio of fundamental to second harmonic energy densities equals 0.65͒ and has a similar envelope of scatter as the transmit pulse ͑omitted here to save space͒. The envelope of the signal was detected using a quadrature amplitude demodulation method implemented in MATLAB ͑R2007b, Mathworks͒. A typical high amplitude signal, Fig. 1͑c͒ , has an increased fundamental component of scatter ͑fundamental to harmonic ratio of 3.97͒ and shows an increasing amplitude of scatter with time. Maximum fundamental amplitude response defines primary resonance. The increasing envelope of scatter at increased amplitudes has previously been identified as a characteristic of forced damped simple harmonic oscillators driven at resonance. 5 Figure 2 displays the two population distribution of scatter from 235 single MBs exposed to the same incident pulse. A normalized cross correlation technique was used to compare the envelope of signals from different MBs and confirmed that the increasing envelope was a significant characteristic for the primary resonant population of Fig. 2 . When compared to a "reference" MB signal, Fig. 1͑a͒ , of constant amplitude ͑similar to the incident pulse͒, a signal with increasing amplitude over time has a decreased peak normalized cross correlation than one with similar constant amplitude. Visual inspection of all the MB signals recorded confirms that only these two types of envelopes were detected. An arbitrary threshold of 0.7 peak normalized cross correlation may be used to efficiently separate the scatter into two populations, as shown in Fig. 2 . Although this technique does not use a precise description of the envelope to characterize each signal, the results agree well with a cluster analysis method applied to the data, which uses a dissimilarity matrix to separate populations based upon differences in energy density alone. 6 Figure 2 shows that normalized cross correlation selects 52 bubbles to have this characteristic resonance shape, compared to the 44 using cluster analysis. As can be seen in Fig. 2 , the apparent miscategorization occurs for an insignificant number of events ͑below 4%͒. Although the above figures cannot support further statistical analysis, it is important to note that dispersities in shell and structure have been previously observed for other MBs. 3 In addition, fast camera observations show motion discrepancies for lipid a͒ Electronic mail: d.h.thomas@ed.ac.uk. MBs of the same size. [7] [8] [9] The primary resonant scatterers ͑22% of the total͒ produce the majority of the total fundamental energy of scatter from a distribution of bubbles ͑70% of the fundamental, 15% of the second harmonic, and 51% of the third harmonic energy of scatter͒. The rest of the scatter is provided by the off-primary resonance signals.
The equations of motion for the liquid, derived from the conservation equations for mass and momentum, allow ordinary differential equations to be derived for the bubble radius as a function of time. In this way, the forced oscillations of the encapsulated bubbles can be predicted and the subsequently emitted pressure waves analyzed in comparison with experimental results, providing further understanding of the above observations. The Keller-Miksis equation 10 models the surrounding liquid by assuming linear compressibility and has the advantage over the Rayleigh-Plesset model in accounting for radiation damping. This provides improved MB motion calculation for acoustic pressures that are applicable in diagnostic ultrasound imaging. 11 The soft phospholipid shell of Definity® has been assumed to behave as a strain-softening material, as defined by the Mooney-Rivlin model. 12 The main parameters used in the shelled models to describe the behavior of the encapsulating lipid shell are the shell thickness ͑d s ͒, shell stiffness ͑G s ͒, and the shell viscosity ͑ s ͒.
13 G s and s have been previously estimated using ultrasound attenuation measurements. 14, 15 The values for these are here initially chosen to be d s = 15 nm, G s = 50 MPa, and s =1 Pa s. 16, 17 The associated ordinary differential equation has been solved for a variety of bubble radii, using a Runge-Kutta method as applied by the ODE solver "ode23" in MATLAB. The incident ultrasound pulses used for the above experiments were used here. The Vokurka equation 18 was then used to calculate the scattered pressure P at a distance r = 0.075 m ͑as used experimentally͒ from a given MB radius R 0 , providing the results shown in Fig. 3 .
This shows the variations in energy of response with resting radius, as decomposed into their fundamental and second harmonic components ͑using the same elliptical filters as used in analysis of the experimental data͒. Primary resonance frequency ͑f res ͒ and the associated primary resonance radius ͑R res ͒ is defined as the frequency at which fundamental scatter is at a maximum 19 ͑here R res = 4.54 m͒. The amount of harmonic component in the respective bubble's responses differs significantly from below to above primary resonance. The Mooney-Rivlin model predicts that in response to a 1.6 MHz 550 kPa PNP six cycle pulse, the peak in fundamental scatter ͑0.0121 Pa 2 s at R = 4.54 m͒ is shifted with regards to the peak in second harmonic response ͑0.0030 Pa 2 s at R = 3.72 m͒ by 0.82 m due to higher order resonances, indicating that a maximum overall response occurs at a relatively reduced harmonic. The harmonic component is dominant up to a radius of R 0 = 3.62 m, above which the fundamental component of scatter dominates.
The scattered pressure waves ͑Fig. 4͒ show the differences between primary and off-primary resonant scatter. Below the resonance radius, the Mooney-Rivlin model predicts a highly harmonic scatter of constant amplitude across the six cycle response ͓Fig. 4͑a͔͒. As the bubble's radius is tuned toward the primary resonance radius, the energy of scatter increases greatly, and the scatter is dominated by the fundamental components of scatter ͓Fig. 4͑c͔͒. The envelope of this resonant scatter shows increasing fundamental components across the six cycle response, and the amplitude of the signal rises and falls within the insonation period producing an approximately symmetric envelope. These types of scatter match the experimental two-population observations above ͑Fig. 1͒. At large radii scatter is predominantly fundamental ͓Fig. 4͑e͔͒ and the envelope of scatter mimics the input pulse shape. This type of scatter has not been observed experimentally ͑as can be seen by the lack of large amplitude signals with low harmonic energy in Fig. 2͒ , indicating that for the imaging parameters used here, bubbles well above resonant size are not present within the sample of Definity® MBs measured. In addition, these MBs are not of subcapillary size, which is compatible with the size distribution of Definity®.
The size distribution used for theoretical calculations was produced using a Malvern Mastersizer ͑Malvern Instru- ments, Worcs., U.K.͒, using the same experimental conditions ͑temperature, pressure, time since preparation, etc.͒ as those that produced the experimental data above. This size distribution has been used to produce a random sample of N = 235 bubbles signals ͑the same number measured experimentally͒, whose scatter is thresholded at the noise level of the experimental system ͑giving a minimum initial radius of R 0 = 1.9 m, in response to a 1.6 MHz 550 kPa PNP six cycle pulse͒, as shown in Fig. 2 . Experimental error has been calculated from calibration measurements of well characterized submillimeter copper spheres 2 and added to the energy densities of these signals ͑6.2% standard error for the imaging parameters used here͒. Figure 2 shows the experimental and theoretical signals, demonstrating excellent agreement between the two data sets.
Note that the initial shell stiffness estimate of G s = 50 MPa found in the literature overestimated the value of peak scatter ͑mean values of fundamental and second harmonic response at resonance of 9.8ϫ 10 −3 and 1.8 ϫ 10 −3 Pa 2 s, respectively, as compared with 1.9ϫ 10 −3 and 3.6ϫ 10 −4 Pa 2 s measured experimentally͒. A reduced value of G s = 10 MPa was found to give improved agreement with the experimental results, as shown in Fig. 2 ͑this value is dependent on the shell thickness chosen, here d s =15 nm͒. By reducing the value of shell stiffness, although the bubbles become less constrained by the lipid shell ͑allowing greater relative expansion and contraction͒, the primary resonance radius is in turn reduced, which also leads to a reduced value of peak scatter. Thus, the calculated mean fundamental and second harmonic responses at primary resonance of 2.9 ϫ 10 −3 and 4.5ϫ 10 −4 Pa 2 s, respectively, were in excellent agreement to the values measured experimentally. The effect of changing the value of shell viscosity ͑ s ͒ was investigated but found to have a much smaller effect than varying shell stiffness.
The experimental data in Fig. 2 display a variance greater than experimental error calculations predict. Variations of up to 150% in the maximal excursions of optically identical bubbles have been measured previously, 7, 9 attributed to differences in elastic properties of individual shells. The methods presented here allow estimation of such variations from analysis of the acoustic data, and this will be the subject of further work.
Although the Mooney-Rivlin model presented predicts the behavior of Definity® MBs well, discrepancies exist. Asymmetric scatter has been observed here experimentally at resonance, which has been previously suggested to originate in compression dominated behavior induced by buckling of the lipid shell. 20 This effect is not described by the MooneyRivlin model although other authors have described methods to model this type of behavior. 9, 20 Asymmetric scatter needs to be investigated in the context of subsequent pulse response and will be the subject of further work.
The results of this communication further confirm the robustness of experimentally measured single MB scatter. Indicators which allow the classification of acoustic bubble signals as primary resonant scatter have been identified including increased energy of scatter, increased fundamental to harmonic ratio, and increasing envelope of response with time. This has allowed the acoustic identification of resonant MB scatter for the first time. The techniques presented in this letter provide significant physical insight, and provide the basis for improved signal processing tools for MB imaging. 
